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ABSTRACT 



Aims. The appearance of two recent supernovae, SN 201 Idh and 2005cs, both in M51, provides an opportunity to derive an improved 
distance to their host galaxy by combining the observations of both SNe. 

Methods. We apply the Expanding Photosphere Method to get the distance to M5 1 by fitting the data of these two SNe simultaneously. 
In order to correct for the effect of flux dilution, we use correction factors (() appropriate for standard type II-P SNe atmospheres for 
2005cs, but find ^ ~ 1 for the type lib SN 201 Idh, which may be due to the reduced H-content of its ejecta. 

Results. The EPM analysis resulted in Dmsi = 8.4 ± 0.7 Mpc. Based on this improved distance, we also re-analyze the HST 
observations of the proposed progenitor of SN 201 Idh. We confirm that the object detected on the pre-explosion HS T-images is 
unlikely to be a compact stellar cluster. In addition, its derived radius (~ 277 Rq) is too large for being the real (exploded) progenitor 
of SN 201 Idh. 

Conclusions. The supernova-based distance, D = 8.4 Mpc, is in good agreement with other recent distance estimates to M51. 
Key words, supernovae: individual (2005cs, 201 Idh) - galaxies: individual (M51) 
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1. Introduction 
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The r ecent discovery of supernova (SN) 201 Idh dGriga etaTl 
120 llh attracted great attention, because this was the second 
bright SN in th e nearby galaxy M5 1 within a few years, af- 
ter SN 2005CS (iKloehr et al.L l2005h . Both objects were core- 
collapse SNe. SN 2005cs was classified as a pe culiar, sub- 
luminous, low-veloci ty type II-P SN (Modiaz e t al.L 120051: 
iPastorello et a l.. 2006), whi le SN 201 Idh turned out to be a rare 
type lib event ( Arcavi et alil201 L) with qu ickly decaying hydro - 
gen lines and strengthening He features dMarion et all 1201 Ih . 
Due to the proximity of the host galaxy (£) ~ 8 Mpc) and the nu- 
merous pre-explosion observations available, possible progeni- 
tors of both SNe have been successfully detected. SN 2005cs 
is thought to be originated from a M ~ 8 Mq red supergiant 
(iMaund et al.Ll2005tlLi et alil2006h . while the proposed progen- 
itor of SN 201 Idh was a more massive yellow supergiant having 
M ~ 15 - 20 Mo (Maund et al, 201 1; Van Dyk et al., 201 1). Due 
to the very early discovery and the quickly responding follow-up 
observing campaigns, the time of explosion (actually, the mo- 
ment of the initial shock breakout from the envelope of the pro- 
genitor object) has been identified within ±1 d accuracy for both 
SNe. 

Having two SNe at the same distance with densely sampled 
light curves and spectra, and accurately known explosion times 
offers an unprecedented chance to combine these datasets and 
analyze them simultaneously in order to determine an improved 
distance to their host galaxy. This is the aim of the present paper 



The paper is organized as follows. In Sect. 2 we outline 
the method we apply for the distance measurement. In Sect. 3 
the photometric and spectroscopic observations are presented, 
while in Sect. 4 we apply the distance measurement method to 
these observations. Finally, we discuss the implications of the 
improved distance to the physical properties of the progenitor of 
SN 201 Idh. 



2. Expanding photosphere method 

The Expanding Photosphere Method (EPM) is a geometric dis- 
tance measurement method that relates the angular size of the 
SN ejecta to its physical radius derived from the observed ex- 
pansion velocity of the SN assuming homologous expansion 
(iKirshner & KwanL 119741: iDessart & Hilheil l2005bl) . The an- 
gular radius of the photosphere in a homologously expanding 
ejecta is defined as 



9 = Rpuot/D = [Ro + vpho, ■ (f - to)]/D, 



(1) 



where D is the distance, Vphot is the ejecta velocity at the position 
of the photosphere, Ro is the radius of the progenitor and to is the 
moment of the initial shock breakout (usually referred to as the 
„moment of explosion"). 

In the classical form of EPM the angular radius is derived 
from photometric observations via the assumption that the pho- 
tosphere radiates as a blackbody, but the opacity is mostly due 
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to electron scattering, thus the blackbody photons are diluted by 
scattering from free electrons: 



1 



(2) 



where ((T) is the temperature-dependent correction factor de- 
scribing the dilution of the radiation, is the observed flux and 
Ba(T) is the Planck function. Expressing the flux in magnitudes, 
Eq|2]can be rewritten as 



-5log(0aT)) + bA(T) 



(3) 



where bAiT) is the synthetic magnitude of the blackbody flux at 
temperature T (Hamuy et al., 2001). 

When the angular radius can be directly measured by high- 
resolution imaging (e.g. VLBI), EqlT]can be applied directly to 
get the distance. This is the ,, Expanding Shock Front Method" 
(ESM), whi ch has been successfully applied for SN 1993 J by 
iBartel etaP (12007.) . Very recently, the expansion of the forward 
shock of SN 201 Idh was detec ted with VLBI (Martf -Vidal et al.L 
1201 It iBietenholz etalL 1201 2 h and EVLA (Krauss e t all 1201 2h . 
Although the spatial resolution of these observations was not yet 
high enough to use them for distance determination, this method 
looks potentially applicable for SN 201 Idh in the near future, 
when the expanding ejecta reach the necessary diameter. 

In the classical EPM the distance D is inferred via least- 
squares fitting to the combination of EqU] and |2] after neglect- 
ing Ro (which is usually an acceptable approximation for epochs 
greater than ~ 5 days after shock breakout): 



D 



(4) 



having D and fo as the two unknown quantities. In principle, 
measuring 6 and Vphot at two epochs may be sufficient to deter- 
mine D and fo, in practice at least 5-6 observations are needed 
to reduce random and systematic errors. It is important to note 
that each observation can provide an independent estimate on D 
and fo, thus, the possible errors afi'ecting the results can compen- 
sate each other, provided there are enough data that satisfy the 
initial assumptions. 

There are several known issues with EPM that must be han- 
dled carefully before applying Eq|4]to the observations. First, the 
basic assumption is that the expansion of the ejecta is spherically 
symmetric. It is thought to be valid in most type II SNe, however , 
there are cases when asymmetry is observed dLeonard et al.L 
I2006h . This is usually done via polarization measurements, as 
electron scattering may result in detectable net polarization in 
non-spherical SNe atmospheres. Fo r SN 2005cs, one gr oup pre- 
sented 7? -band imaging polarimetry (iGnedin et alil2007l) . report- 
ing record-high, variable degree of linear polarization (reaching 
~ 8 %) during the early plateau phase. However, the authors do 
not provide details on handling the effect of instrumental polar- 
ization, and this result has not been confirmed by other studies 
so far, so it should be treated with caution. For SN 201 Idh, there 
is no such observational indication for a non-spherical explosion 
or expansion yet. Based on the available pieces of information, 
we do not find compelling evidence for asymmetric ejecta ge- 
ometry in either of these SNe during the plateau phase. Thus, 
we assume that both SNe satisfy the sphericity condition, as it 
was found earlier for most type II SNe. 

Second, Eq|2]or[3]requires unreddened fluxes or magnitudes. 
Thus, the observed magnitudes/fl uxes need to be dereddened be- 
fore applying EPM. However, as lEastman. Schmidt & Kirshne^ 



(Il996h and lLeonard et al.1 (l2002h pointed out, the distance is only 
weakly sensitive to reddening uncertainties. This is one of the 
advantages of EPM as a distance measurement method. 

On the contrary, the results are very sensitive to the val- 
ues of the photospheric velocity. Recently the issue of measur- 
ing Vphot in type II-P S Ne atmospheres was studied in detail by 
'Tak ats & Vinkdl (l2012h . They showed the applicability of the 
spectral modeling code SYNOW (Branch etjil., 2002) to assign 
objective and reliable Vphot to the observed spectra. In this pa- 
per we use the same technique, i.e. SYNOW to calculate Vphot at 
each observed phase. 

Finally, the ex act values of the correction factors ^{T) 
are still debated . Eastman. Schmidt & KirshneJ (11996) and 
iDessart & Hiliie^ (|2005b|) provided ^(T) for H-rich type II-P at- 
mospheres, but the values from the latter study are systemati- 
cally (~ 50 %) bigger than from the former one. Moreover, in 
He-rich (type lib SNe) atmospheres the correction factors are 
much less known. We will discuss this issue in more detail be- 
low. 

In the foUowings we exploit the opportunity of having inde- 
pendent datasets from two SNe in the same host galaxy M5 1 (i.e. 
at the same distance), and the rare and fortunate circumstance 
that both of them have known, accurate (+1 d) shock breakout 
date. If fo is known independently, Eq|4]can be rearranged into 
the following form: 



6'/vphot = — ■ Af, 



(5) 



where we introduced Af = f - fo, and now D is the only remain- 
ing unknown. Combining the data from both SNe, Eq|5]can be 
used to get an improved estimate for D, which will be applied 
to SN 201 Idh and SN 2005cs in Sect. 4. This way we expect to 
eliminate much of the systematic uncertainties of EPM (arising 
from the correlation between the parameters fo and D) that may 
sometimes bias the analysis of single SNe. 



3. Observations 

For SN 2005cs extensive data have been published. We hav e col- 
lected the BVRI light curves from lPastorello et alj ( |2009|) . The 
spectra published in the same paper were kindly provided to us 
by Andrea Pastorello. 

More recently, SN 201 Idh was observed with many instru- 
ments, but most of them are not published at the time of writing 
this paper In the followings we present some of them that we 
use in our analysis. 

3.1. Photometry of SN 2011 dh 

For SN 201 Idh, ground-based photometric observations 
were taken from Piszkesteto Mountain Station of Konkoly 
Observatory, Hungary. We have used the 60/90 cm Schmidt- 
telescope with the attached 4096 x 4096 CCD (FoV 70x70 
arcmin^, equipped with Bessel BVRI filters). In Table [T] we 
present the data for the first 18 nights, derived by PSF- 
pho tome try in Note that although there are numerous 

pre-explosion frames of M5 1 available, the background at the 
SN site is relatively faint and smooth, thus, we did not find 



' IRAF is distributed by the National Optical Astronomy 
Observatories, which are operated by the Association of Universities 
for Research in Astronomy, Inc., under cooperative agreement with the 
National Science Foundation. 
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Table 1. BV/?/ photometry of SN 201 Idh 



JD" 



I" 



717.5 
718.4 
719.4 
720.4 
725.4 
727.4 
728.4 
729.4 
730.4 
731.4 
732.4 
733.4 
734.4 
735.5 
738.5 
739.4 
740.4 
742.4 
748.3 
749.3 
751.3 
752.3 
754.3 
755.3 



15.158(157) 
14.870(114) 
14.569(123) 
14.300(090) 
13.584(057) 
13.497(051) 

13.393(092) 
13.409(185) 
13.368(066) 
13.359(058) 
13.361(046) 
13.378(058) 
13.498(086) 
13.856(046) 
14.017(048) 
14.145(051) 
14.468(069) 
15.035(106) 
15.095(106) 
15.159(086) 
15.225(090) 
15.300(069) 
15.363(069) 



14.556(080) 
14.274(040) 
13.949(060) 
13.676(040) 
12.889(020) 
12.770(030) 
12.684(060) 
12.657(050) 
12.608(100) 
12.581(020) 
12.567(030) 
12.542(030) 
12.536(030) 
12.561(050) 
12.751(030) 
12.834(020) 
12.934(030) 
13.150(040) 
13.609(040) 
13.667(040) 
13.757(050) 
13.818(040) 
13.906(040) 
13.957(040) 



14.170(128) 
13.913(075) 
13.612(093) 
13.363(069) 
12.628(041) 
12.500(051) 
12.399(098) 
12.369(076) 
12.303(162) 
12.279(103) 
12.252(046) 
12.205(051) 
12.180(058) 
12.202(081) 
12.305(046) 
12.371(034) 
12.444(046) 
12.566(069) 
12.900(064) 
12.944(075) 
13.038(081) 
13.073(069) 
13.160(064) 
13.196(069) 



13.896(075) 
13.622(098) 
13.368(075) 
12.574(048) 
12.397(058) 
12.324(098) 
12.264(076) 
12.191(167) 
12.156(041) 
12.125(051) 
12.097(051) 
12.062(051) 
12.053(081) 
12.106(065) 
12.147(034) 
12.192(046) 
12.299(064) 
12.549(069) 
12.577(064) 
12.649(076) 
12.685(064) 
12.754(060) 
12.782(060) 



Notes. JD - 2,455,000. Errors are given in parentheses. 



the application of image subtraction necessary to obtain reli- 
able photometric information when the SN was around maxi- 
mum light. 

Transformation to the standard system was computed by ap- 
plying the following equations: 



B-V = 1.228 x(b- 
V-R = 0.960 x(v- 
y-/ = 0.934 x(v 
V = V H- 0.046 x(y- 



v) + ZPbv 
r)+ZPvR 
- i) + ZPvi 
- 1) + ZPv. 



(6) 



The color terms listed above were obtained from measurements 
of Landolt fields on photometric nights. The zero-points for each 
night were tied to local tert i ary sta ndard stars around M5 1 col- 
lected from lPastorello et all (l2009h . 

In Figlll we plot and compare our measurements with the 
ubv data obtained by S wiftfUYOT (details for the latter dataset 
will be given by Marion et al., in prep.). The agreement between 
the ground-based and space-born optical data (i.e. B and V) is 
excellent. We are confident that our photometry for SN 2011dh 
is accurate and reliable. 



3.2. Spectroscopy of SN 2011dh 

Optical spectra were obtained with the HET Marcario Low 
Resolution Spectrograph (LRS, spectral coverage 4200 - 10200 
A, resolving power A/AA ~ 600) at McDonald Observatory, 
Texas, on 6 epochs between June 6 and 22, 2011. Reduction 
and calibration of these data were made with standard routines 
in IRAF. Details will be given in Marion et al. (in prep.). The 
spectra are shown in Fig. |2] 

In addition, a single high-resolution spectrum were obtained 
with the HET High-Resolution Spectrograph (HRS, spectral 
coverage 4100 - 7800 A, resolving power ~ 15, 000) on June 6, 
201 1, in parallel with the LRS observations. No narrow features 
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Fig. 1. Observed light curve of SN 201 Idh. The Konkoly data are 
plotted with filled symbols, while Swift ubv data are denoted 
with open circles. Vertical shifts are applied between the data 
corresponding to different filters for better visibility. 
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Fig. 2. Observed low -resolution HET spectra of SN 201 Idh. 
Note that scales on both axes are logarithmic, and scaling factors 
have been applied to separate the spectra for better visibility. 




5885 5890 5895 5900 5905 5910 5915 
Observed wavelength (A) 

Fig. 3. High-resolution HET spectrum of SN 201 Idh observed 
on June 6, 2011 (6 days after explosion). Vertical lines indicate 
the expected positions of the NaD doublet features in the Milky 
Way (dotted hne) and in M51 (continuous line). 
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Table 2. Inferred physical parameters for EPM. 



t-to 
(d) 



(K) 



^'phot 

(km 



9 

(10'^ kmMpc-') 



9/v 
(d Mpc" 



SN 2005CS 



minimum of the Fell AS 169 feature. However, the Fell veloc- 
jties may systematically over- or underestimate the true Vphot- 
"SYNOW has the potential to resolve line blending, and thus 
to give a better estimate of Vnhnt than find i ng in dividual (often 
_blended) line minima (sec iTakats & Vinkol(l2012i) for details). 

In Table |2] the photospheric velocities, as well as the other 



physical parameters used for the EPM-analysis are presented. 



4.3. Temperatures and angular radii 



3.4 17 155 (151) 7100(200) 3.57 (0.05) 0.58 (0.05) 

4.4 14897 (265) 6900(150) 4.15 (0.08) 0.69 (0.08) 

5.4 12539 (200) 6500(275) 4.85 (0.08) 0.86 (0.08) 

8.4 12530(127) 5900(300) 4.82 (0.04) 0.94 (0.04) 

8.8 13 217 (121) 5950(100) 4.45 (0.04) 0.86 (0.04) 

14.4 8700 (340) 4150(275) 6.82(0.01) 1.90 (0.01) 

14.4 8771 (360) 4600(100) 6.78 (0.05) 1.67 (0.05)™ ... , m a u a» 

17 3 7704 (210) 4150 (50) 7 38 (0 04) 2 05 (0 04) calculation of the angular radn (Eq|2]i needs observed fluxes 

18 4 7688 (220) 4150 (75) 7 28 (0 11) 2 03 (0 11) '■^^ effective temperature of the photosphere at the mo- 
22.4 6919 (310) 3550(300) 7.81 (0.16) 2.54 (0.16) ^^^iits of the photometric observations. We have estimated these 
34.4 6118 (305) 1900 (50) 8.68 (0.25) 5.29 (0.25) quantities in the following way. First, the observed magni- 
36.4 5569 (101) 1800(100) 9.05 (0.25) 6.16 (0.25) tudes were dereddened with the £(5 - V) values given in Sect. 
44.4 5099 (124) 1350 (50) 10.02(0.27) 8.59 (0.27) 4.1. Then, the reddening-free magniUides were ti'ansformed into 
61.4 4793 (1 63) 1050 (50) 10.43 (0.36) 11-50 (0.36) quasi-monochroma tic fluxes foUowing the calibration given by 



SN 201 Idh 



5.8 
10.8 
13.8 
16.8 
20.8 
21.8 
28.7 



7624 (94) 
7682 (140) 
7336 (131) 
6996 (132) 
6459 (123) 
6451 (121) 
4907 (102) 



1 1 400 (200) 
9250 (300) 
7250 (250) 
7200 (300) 
7250 (200) 
7150(150) 
5600 (300) 



5.26 (0.06) 
8.55 (0.29) 
10.94 (0.41) 
12.84 (0.45) 
15.64 (0.57) 
15.89 (0.61) 
23.38 (1.19) 



TBesseUetal.1 (119981) . 



Notes. Errors are given in parentheses. For the moments of explosion 
we adopted to = 2,453,549.0 JD and 2,455,712.5 JD for SNe 2005cs and 
201 Idh, respectively (see text). These epochs were applied to derive the 
phase of each observation (1st column). 



1 07 (0 29) photospheric temperatures were estimated by fitting 

2 -74 blackbodies to the spectral energy distributions defined by 
2.06 (0.45) '^he contemporaneous BVRI fluxes. Although this technique 
2.49 (0.57) is approximate, it has been shown to produce a good esti- 
2.57 (0.61) mate of the effective t emperature for the application of EPM 
4.83 (1.19) (IVinko & TakatsLl2007h . Finally, both the inferred temperatures 
and the angular radii have been interpolated to the epochs of 
the spectroscopic observations. These data are summarized in 
Table|2] 



were present in the spectrum except the Na D doublet at zero 
velocity that are expected to be due to interstellar matter (ISM) 
in the Milky Way. The spectrum around these features is plotted 
in Fig|3] We will use the high-resolution spectrum to constrain 
the interstellar reddening toward SN 2011dh in Sect. 4. 



4. Analysis 

In the foUowings we use the data presented in Sect. 3 to esti- 
mate the angular radii and photospheric velocities as a function 
of phase in order to perform the EPM-analysis outlined in Sect. 
2. 



4.1. Reddening 

Fortunately, the reddening toward M5 1 is low. The galactic com- 
ponent, due to Milky Way ISM, is estimated from the map of 
ISchlegel et all (Il998l) as E(B - V)g^i = 0.035 mag. The equiva- 
lent widths of the galactic Na D features shown in Fig|3]are con- 
sistent with this value. As seen, no significant contribution from 
the M51 ISM is detected in the SN 2011dh spectrum. Therefore, 
E{B - y) = 0.035 mag is assumed for SN 201 Idh. 

For SN 2005cs \ ye adopted a slightly higher value, E(B - 
V) = 0.05 mag, after iPastorello et all (120091) . 



4.2. PInotosplneric veiocities 

In this paper we use the photospheric velocities derived from 
fitting SYNOW models to the observed spectra, as described in 
[Takats & Vinko (2012). As it is shown in that paper, the Vphot 
values determined this way are generally consistent (within +10 
- 15 %) with the velocities derived simply from the absorption 



4.4. Correction factors for EPM 

As mentioned in Sect. 2, the application of blackbodies to SN 
atmospheres requires correction factors that take into account 
electron scattering as well as line blending and other effects that 
alter the fluxes emerging from the photosphere. 

As discussed in iTakats & VinkBI ( l2006l) . the angular radii 
of SN 2005cs were calculated b y app lying the EPM correc- 
tion factors of iDessart & Hillieii (12005 a). However, the data 
on SN 201 Idh were used without corrections, i.e. applying 
^ - 1. This choice was motivated by the lib classification of 
SN 201 Idh. Because SN 201 Idh is thought to have a He-rich 
atmosphere with a thin H-envelope, the number of free elec- 
trons in the ejecta should be much less than in type II-P SNe, 
like SN 2005cs. Since the largest contribution to the correction 
factors comes from the dilution of blackbody photons that are 
Thompson-scattered by free electrons, it is expected that the ra- 
diation of SN 201 Idh should be much closer to a blackbody than 
that of SN 2005cs. In other words, due to the lower density of 
free electrons, the photosphere (i.e. the surface of last scattering) 
of SN 201 Idh is expected to be much closer to the thermaliza- 
tion depth from which the blackbody photons emerge, than in 
SN 2005cs where the photosphere was above the thermalization 
depth in a H-rich atmosphere. 

This qualitative picture is general ly supported by the NLTE 
models of the ejecta of SN 1993J bv lBaron et aP (Il995h . They 
modeled the early spectral evolution of SN 1993J during the 
first 70 days with various chemical composition extending from 
solar He/H ratio to extreme He-rich atmospheres. For the He- 
rich compositions they computed substantially higher correction 
factors than for solar composition, although with considerable 
model-to-model scatter. Since these models may not be fully ap- 
plicable to SN 201 Idh, we did not attempt to use these correction 
factors at their face value, but note that they confirm the qualita- 
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Fig. 4. Determination of the distance to M5 1 in EPM. The slope 
of the fitted (soHd) Hne gives D^^ (in Mpc '). The dotted Hnes 
correspond to 1 o" uncertainty in D, taking into account the ran- 
dom and the systematic errors (see text). 



tive expectation that the ( values should be higher, i.e. closer to 
unity in SN atmospheres having larger He/H ratio. 

4.5. Combination of SNe 2011 dli and 2005cs 

As it was mentioned in Sect. 1, the moment of shock breakout 
(?()) is accurately kno wn for bo th SNe. We have adopted fo - 
2,453,549.0 jp CPastorello et al.l i2009) and fy = 2,455,712.5 JD 
(lArcavi et alil201 ih for SN 2005cs and SN 201 Idh, respectively. 

We applied Eq|5]for the data of both SNe (Hsted in Table EJ 
obtained during the first month, between +5 and +25 days af- 
ter explosion. The motivation for using the +5 days lower limit 
was that the ejecta may not expand homologously at very early 
phases. Also, for epochs earlier than -1-5 days, TJq may not be neg- 
ligible with respect to the Vphot(f - h)) term, as we have assumed 
to get Eq|5](see Sect. 2). The restriction of sel ecting epochs not 
later tha n ~ 30 days for EPM was suggested bv lDessart & HilheJ 
(l2005bl) . They pointed out that the basic assumptions of EPM 
(optically thick ejecta, less deviations from LTE condition) are 
valid mostly during the first month of the evolution of the ejecta. 
Inspecting the data in Table |2] it can be seen that 0/v changes 
abruptly after f ~ 22 days for both SNe, suggesting a sudden 
change in the ejecta physical conditions. This epoch is near the 
time of maximum light for SN 201 Idh. From modeling the light 
curve of this object, Marion et al. (in prep.) pointed out that the 
early occurence of the peak of the light curve could be explained 
by a sudden drop of the Thompson-scattering opacity, possibly 
due to the recombination of the remaining free electrons and pro- 
tons. This is analogous to the condition at the end of the plateau 
phase in H-rich type II-P SNe. The assumptions for EPM are 
certainly not valid after this phase. 

Plotting of0-v' vsf-fo gives a linear relation for which the 
slope equals to 1/D (see Eq|5]l. Because in this case both SNe 
are at the same distance, their data must fall on the same line. 

FiglHshows that this is indeed the case. Fitting a straight line 
to the combined data results in an improved distance to M5 1 : 

D - 8.4 Mpc + 0.2 Mpc (random) + 0.5 Mpc (systematic). 

The systematic error was calculated by taking into account the 
+ 1 d uncertainty in fo. 
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Fig. 5. SED of the proposed progenitor (filled circles) and SSP 
models with cluster ages of 60 Myr, 600 Myr and 1 Gyr (left), 
and an F8 supergiant model together with a T=6000 K black- 
body (right). The SED of the 60 Myr-old cluster that may con- 
tain a M > 8 Mq star is clearly incompatible with the measured 
fluxes. The older clusters that fit the data better are too old to 
support the presence of such a massive progenitor 

Table 3. Photometry of the proposed progenitor of SN 201 Idh 
with the Hubble Space Telescope 



Filter 




m" 


/]■ 


M" 




(A) 


(mag) 


(flux) 


(mag) 


F336W 


3359 


23.941(230) 


1.26(24) 


-5.82(29) 


F435W 


4318 


22.405(039) 


7.61(27) 


-7.32(19) 


F555W 


5360 


21.780(030) 


7.59(21) 


-7.92(19) 


F658N^ 


6584 


21.280(064) 


5.19(30) 


-8.41(20) 


F814W 


8060 


21.230(020) 


3.78(07) 


-8.43(19) 



Notes. central wavelength in A 

observed standard magnitude and Icr uncertainty 

dereddened flux (assuming E(B - V) = 0.035) and its uncertainty in 
10""* erg s"' cm"^ A"' 

dereddened absolute magnitude using D = 8.4 Mpc (/jq = 29.62 
mag) 

flight-system magnitudes 



Our improved distance is in good agreement with the mean 
distance of M51 listed in the NEEQ database (D ~ 8.03 + 0.677 
Mpc), after computing the simple unweighted average of 15 in- 
dividual distances. Even though these independent distance esti- 
mates represent an inhomogeneous sample in which each value 
may be biased by unknown systematic errors, the ~ Icr agree- 
ment between their average and our new value is promising. 



5. Implications for the progenitor of SN 201 1 dh 

The improved distance to M5 1 enables us to revisit the issue of 
the progenitor of SN 201 Idh identifie d on pre-explosio n HS T 
frames, immediately after discoverv (|Li & Filippenkol 1201 ll: 
iMaund et al.Ll20TllVan Dvk et al.Ll20TllK 

We have analyzed the archi val HST /AC S and W FPC2 
frames indep endently from iMaund et al.l (1201 ih and 
1201 ih . We followed an approach similar to 
201 Ih by analyzing the individual „FLT" and 



Van Dvk et al. 
Van Dvk et al 
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,,COF" frames obtained with ACS and WFPC2, respec tively, by 
using the software packages Dolpho0 and HSTphofl (iDolphinL 
L2OOO). We have appUed PSF-photometry using pre-computed 
PSFs, built-in corrections for charge transfer efficiency (CTE) 
losses and the final magnitudes were transformed into the 
standard Johnson-Cousins system for the broad-band filters 
F336W, F435W, F555W and F814W. These data ai-e collected 
in Table [3] (the data in the narrow-band F658N filter are in 
the flight-system). Fluxes and absolute magnitudes are also 
presented after dereddening with E{B - V) - 0.0 35 mag (Sect. 
4.1), using the magnitude-flux conversion by iBessell et alj 
(Il998l) and applying the distance modulus juq - 29.62 mag 
corresponding to D - 8.4 Mpc (Sect. 4.5). The uncertainties 
of the absolute magnitudes reflect the errors of the photometry 
and the random plus systematic uncertainty of the distance 
added in quadratures. Generafly, these resu lts are in between 
the v alues presented bv lMaund et alj (1201 Ih and I Van Dvk et al] 
(l20i 1.) . and agree within Icr uncertainty except for the F336W 
filter, where o ur magnitude i s faint er by ~ 0.5 mag (~ 2 c r) tha n 
that given by iMaund et al] (1201 Ih and IVan Dvk et al] (1201 Ih . 
Given the inferior spatial resolution of the WFPC2 frames, 
the faintness of the source and the issue of the proper source 
identification on the WFPC2 images in this crowded region, the 
F336W magnitude in Table[3]may only be an upper limit. 

In Fig|5] left panel, we plot the dereddened quasi- 
monochromatic flux distribution together with model SEDs o f 
Simple Steflar Populations (SSPs) by Bruzual & Chariot! (l2003h . 
assuming cluster ages of 60 Myr, 600 Myr and 1 Gyr, re- 
spectively. This fig ure illustrates the conclusion first drawn by 
iMaund et al.l (1201 1). that the SED of the proposed progenitor 
is too red to be compatible with a young stellar cluster hosting 
a sufficiently massive star that can become a core-collapse SN. 
The oldest cluster that may be able to produce a core-collapse 
S N (Mprog ~ 8 Mq) has the age of ~ 60 Myr (see e.g. Fig. 19 
in I Vink6 et"d] 1200 9 ) . Fig |5] clearly shows that the 60 Myr-old 
cluster SED is incompatible with the observed flux distribution. 
Those cluster SEDs that are consistent with the observations are 
at least an order of magnitude older, containing only less massive 
stars. 

Strictly speaking, the above argument is valid only for coeval 
cluster stars, i.e. when all cluster members were born by an ini- 
tial starburst. There is a less likely, but not unrealistic scenario, in 
which massive stars are formed in an active star-forming region, 
and a nearby compact cluster captures them. There is obser- 
vational evidence that young massive cl usters can capture field 
stars (e.g. Sandage-96 in NGC 2404, see lVinko et al.ll2009l) . al- 
though this process should occur very (maybe too) fast in order 
to explain the presence of a M > 8 Mq star in a f > 600 Myr-old 
cluster. 

The right panel of Fig|5] shows the good agreement between 
the observed progenitor fluxes and the flux spectru m of an F8- 
type supergiant hav ing T^ff - 6000 K (Maund et al.L 1201 ll 
IVanDvketaLLl2011h . Integrating the observed SED, and adopt- 
ing Teff = 6000 K and D = 8.4 + 0.7 Mpc, the radius of the pro- 
posed progenitor turns out to be Rpmg = 1.93(+0 .16) x 10^^ cm 
(277 + 23 Rq). This is very close to the result of IVan Dvk et alJ 
( 201 lb . who derived ^piog ~ 290 Rq from the same data, al- 
though they adopted a slightly lower distance to M51 (D ~ 7.6 
Mpc). 

As rece ntly noted by Arcavi et aP (l201lh . ISoderberg et alJ 
(1201 Ih and IVan Dvk et all (l201 lh ."ttie observed early optical-. 



^ http ://purcell . as . arizona. edu/dolphot 
http://purcell.as.arizona.edu/hstphot 



radio- and X-ray observations of SN 2011dh are in sharp contrast 
with such a large progenitor radius. All these pieces of evidence 
point consistently toward a compact progenitor, Rprog ~ 10'' 
cm. Indeed, as discussed by Marion et al. (in prep.), model- 
ing the bolometric light curve of SN 2011dh during the first 30 
days after explosion (extending to post-maximum epochs) gives 
strong support to the compact progenitor hypothesis. Marion et 
al. (in prep.) present an upper limit for the progenitor radius as 
^pro e < 2x 10" cm, i n good agreement with lArcavi et al.l (1201 Ih 
and ISoderberg et aP (l201lh . The radius of the observed object 
(R ~ 277 /?o) derived above definitely rules out that this object 
was the progenitor that exploded. It remains the subject of fur- 
ther studies whether such an extended, yellow supergiant could 
be a member of a binary system containing also a hot, compact 
primary star, which seems to be currently the most probable con- 
figuration for the progenitor of SN 201 Idh, or other hypotheses, 
e.g a massive star captured by a compact stellar cluster outlined 
above, are necessary to resolve this issue. Further observations 
of the SN during the nebular phase are also essential in this re- 
spect. 

6. Summary 

Based on the results above we draw the following conclusions: 

- We presented new photometric and spectroscopic observa- 
tions of the type lib SN 201 Idh. 

- Combining these data with those of the type II-P SN 2005cs, 
we derived an improved distance of D - 8.4 + 0.7 Mpc to 
M5 1 by applying the expanding photosphere method. 

- Using the updated distance, we reanalyzed archival HS T ob- 
servations of the proposed progenitor of SN 201 Idh. It is 
confirmed that the object detected at the SN position is an 
F8-type yellow supergiant, and it is unhkely to be the ex- 
ploded progenitor. 
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